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Automated storage and retrieval systems (AS-RS) are commonly used in
intralogistic facilities and are often operated by stacker cranes. These
stacker cranes are used in high-bay warehouses to move small load
carriers, pallets and special load carriers. This paper presents an
approach for the determination of the mean energy demand of stacker
cranes, using a reference cycle. The examanition of the reference cycles is
based on a large scale simulation experiment with randomly generated
stacker crane and rack configurations and operation tasks. The results
permitted an analysis of the correlations between various paramters e.g.
energy demand and performance of stacker cranes. Subsequently, three
different reference cycles which allow an easy and fast calculation of the
mean energy demand are developed and evaluated.
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1. INTRODUCTION

Stacker cranes (SCs) are large machines which move
small load carriers and pallets in high-bay warehouses.
These high-bay warehouses are one typical component
of intralogistic facilities. The energy demand during the
operation of SCs is influenced by a huge number of
variable effects. These effects are often coupled and inf-
luence each other. Therefore the analytical calculation
of the energy demand is complex and sometimes linked
to detailed simulation models. The main idea is to find
reference cycles which allow the calculation and eva-
luation of the overall mean energy demand of different
SCs and storage configurations.
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Figure 1. Scheme of a rack feeder (compare [17])
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This paper presents an approach, which determines
and evaluates reference cycles. Subsequently, the refe-
rence cycles are tested for their use in the determination
of the mean energy demand. Such reference cycles are
already in use to calculate the mean travel time of SCs
[6, 22]. In this paper we distinguish between miniload
stacker cranes (MSCs) for small load carriers and pallet
stacker cranes (PSCs), as they differ fundamentally in
their mass ratios. Figure 1 shows a typical scheme of a
rack feeder with the nomenclature used in the paper.
The main components are the base frame, the mast, the
head, the lift device and the drives. A rack feeder has
two main drives — for the horizontal and vertical
movement of the payload. The main drives are
electrically connected via an intermediate circuit.

2. LITERATURE

The determination of the travel time of SC has been the
subject of a large number of investigations in the past.
Starting with the basics of travel time metrics in [3],
several papers have been presented in recent years. A
detailed review of the literature concerning SC was
presented from Roodbergen [16]. The most recent
review paper, though its focus was on the scheduling
task, was published in 2016 [2]. In the past, various
publications have dealt with the energy demand of SCs.
Meneghetti et al. performed various investigations into
the strategic parameters that influence energy demand
and performance [11-14]. Schulz et al. performed an
investigation of isoenergetic shelves in automatic small
parts warehouses [19]. Ertl presented a simplified way
of calculating the mean energy demand of MSCs [5].
Lerher et al. gave an initial method for calculating the
energy efficiency of MSCs [10]. A method for the
benchmarking of different types of AS-RS was
presented by Stohr et al. [21]. In their work they
suggested the use of the standard double cycle from
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VDI 3561 [22] and other standards to compare three
different types of AS-RS.

The optimization of energy efficiency in intra-
logistics was part of the research work from Hafner and
Lottersberger [8, 9]. A new approach for a multi criteria
optimization of the investment expenses, cycle times
and CO2 emissions for automated storage and retrieval
systems was presented by Rajkovic et al. [15].

PSCs have not been studied in such detail in the
past. Various standards define a calculation scheme for
the mean travel time and the throughput of an SC. These
standards [6, 22] use reference cycles to perform a stan-
dardised calculation of the mean travel time. Azzi et al.
proposed a method to calculate a reference quadruple
cycle via a Monte Carlo simulation [1]. None of the
existing approaches is combining the energy demand
and throughput analysis of MSC and PSC with an app-
roach for a reference cycle for the mean energ demand.

3. MATERIALS AND METHODS

SCs can be operated with different operation modes.
The basic mode is the single cycle mode. In a single
cycle, the SC performs a store or retrieve task regarding
one item. In a double cycle, the SC performs a store task
and then a retrieve task. In the complex quadruple cycle,
two store and two retrieve tasks are combined into one
cycle. Quadruple cycles can be performed with double
load handling device SC. Examples for the movement
of the SC within different cycle types are shown in
Figure 2. In our investigation, we used single and
double cycles, and the Input /Output point is located in
the lower left corner of the rack.

Single Cycle ling
Double Cycle — ey
Quadruple Cycle ---* . 7 N

l Input/Output point MW ]

Figure 2. Examples for different cycle types (compare [17])

In this paper, we use the basic approach from Azzi et
al. of taking a large number of random cycles to inves-
tigate not the mean travel time, but the mean energy
demand and the performance of various SC confi-
gurations. The goals are the investigation of the
influence of different parameters and the formation of
reference cycles. The reference cycles should represent
the mean energy demand in the use of various types of
SC. Therefore MSCs and PSCs with and without a re-
feed unit are investigated. The refeed unit allows an SC
to feed electrical energy, released during braking, back
to the supply network. We use a large-scale simulation
experiment to examine the mean energy demand by
simulating a large number of random cycles. The layout
of the simulation experiment is pictured in Figure 3.

308 = VOL. 48, No 2, 2020

Input Simulation stage Output

Rack feeder

configuration
Energy

demand and
throughput

Task list Simulation of Postprocessing

creation the operation and analysis
Storage

configuration

Figure 3. Layout of the simulation study

Initially the SC and storage configuration are ran-
domly generated. The values for the varied parameters
are selected between predefined borders via a Latin
hypercube sampling (LHS) algorithm [20].

The varied parameters for MSC and PSC and their
minimum and maximum values are listed in Table 1.
The number of columns and levels define the size of the
rack.

Table 1. List of the varied parameters and their maximum
and minimum values for MSC and PSC

MSC | MSC PSC PSC

Parameter . .
min max min max
I;Tumber of columns 30 30 20 60
col
I:umber of levels 20 40 3 18
lev

Acceleration drive ) ) 0.5 1.5
unit a, 2m/st | Sm/s m/s? m/s?
Acceleration lift unit ) ) 0.2 1
a, 1m/s* | 3m/s e /s
Velocity drive unit v 4m/s | 6m/s 15 35

Y * m/s m/s
Velocity lift unit 1.5 0.5
v, in m/s m/s 3 ms m/s 2mis
Efficiency driveand |, | o7 | 04 | 07
lift unit 1, 7,
Mass base frame my,, 1.2t 2t 8t 20t

. . 250 450
Mass lift unit m; g ke ke 2.5t 451
Mass payload m;,,4 25kg | 75kg 0.5t 1.5t
Storage occupancy 04 0.9 04 0.9
Occ
Use of a refeed unit
RU 0 1 0 1

The parameters include the main construction
parameters such as size of the rack and the SC, the
configuration of the brake-energy use, the transported
load and the drive speeds. The efficiency values
combine electrical and mechanical losses in the drives.
Every rack feeder configuration is equipped with an
intermediate circuit and is able to use the brake energy
of one drive for another drive.

After the creation of the configuration, a task list
with random cycles is generated. The storage occupancy
is used to create a starting rack layout with stored items
and the occupancy is kept relatively constant throughout
the simulation. The task list and the configuration data
is used to simulate the energy demand and the
throughput of the SC for one configuration. For the
simulation, a simplified model is used to keep
computation time as short as possible. The model is
based on the analytical calculation of energy demand in
terms of kinetic and potential energy, and various
friction-based resistances. For the MSCs and the PSCs
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we used 10000 different configurations each. 5000
configurations are selected via the LHS and the use of a
refeed unit is either on or off. For every single
configuration, the number of random single and double
cycles is calculated via (1).

Ncol'Nlev'IOOO (D

Thus, in total we simulated 20000 configurations
with several hundred thousand to several million cycles
in each configuration. Following the simulation of
energy demand and throughput for all configurations
and cycles, the data was processed and analysed.

4. RESULTS

We analysed two general aspects in the calculated data.
First we inspected the different effects of the varied
parameters on energy demand and performance. We
used the throughput of moved items per hour as an
indicator for performance. Secondly the data is used to
find reference cycles which meet the overall mean ener-
gy demand of the rack feeder. The mean energy demand
is calculated as global mean of all drive and lift move-
ments. We have not taken any downtime into account.

4.1 Effects of single parameters

We split the results for the MSCs and PSCs and plotted the
correlations between the varied parameters and energy
demand E and throughput 7P. The number in every
correlation field represents the correlation coefficient. This
coefficient takes values between minus 1 and plus 1.The
mass moved in a horizontal direction m, comprises the
overall mass of the base frame, mast and lift unit, while the
moved mass in vertical direction m, comprises the mass of
the lift unit and the load-handling device. The results for
the MSCs are shown in Figure 4. The units of the variables
are shown in Table 1. Drive acceleration and velocity and
the moved masses show a strong dependency on E. The
effect from m, on TP is caused by the fact that the mass of
the mast is scaled according to the number of levels.
Therefore we have an increased m, for higher racks and a
dependency between m, and TP. Lift acceleration a, and
velocity v, have no significant effect on the energy
demand. The number of columns and levels define the
storage capacity. For increasing numbers, the mean energy
demand increases and the throughput decreases.

For the PSCs we found similar correlations which
are shown in Figure 5. Due to the changed mass ratios,
the sizes of the correlation coefficients change. Acce-
lerations and velocities are smaller than the ones from
the MSCs and are less significant in terms of 7P and E.
The ratio of maximum speed to maximum acceleration
of an MSC drive can reach 1, whereas this ratio for the
PSCs is around 2 and bigger. The influence of the
masses on E is slightly higher compared to the MSCs.

Occ has no influence on MSC or PSC configurations
because, at occupancy levels between 40 and 90 % the
normal operation of the whole storage facility is still
possible. Relocations were not taken into account during
the simulation.

The use of a refeed unit increases the standby power
of an SC. Therefore its use in a real-world application
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does not always lower the overall energy demand,
because if the SC has a lot of downtime with no
movement, then the increased standby power causes a
general rise in energy demand. For our simulation with
no downtime, the general reduction of the mean energy
demand is hence obvious.

For the correlations, we used the 5000 configu-
rations without a refeed unit. We also inspected the
results with a refeed unit, however the general trends
essentially gave a similar picture. With the use of a
refeed unit we discovered a general reduction in the
mean energy demand. The reduction for the MSC
double-cycle configurations are shown in Figure 6. The
reduction varies between 3 and 23 %. For PSCs and
single cycles we found similar results for the reduction
of the energy demand.
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Figure 4. Correlations for the MSC double cycle
configurations without refeed unit and with TP in moved
items per hour and E in kJ
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Figure 5. Correlations for the PSC double cycle
configurations without refeed unit and with TP in moved
items per hour and E in MJ
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Figure 6. Reduction of the mean energy demand through the
use of a refeed unit for MSC double cycle configurations

4.2 Reference cycles

In essence, we searched for cycles which had the same
energy demand as the overall mean energy demand and
called these cycles “reference cycles”. A reference cycle
allows the quick calculation of the mean energy demand
and is also suitable for subsequent experiments, analo-
gously to the way reference cycles are used for the mean
cycle-time calculation. Within the scope of this work,
we developed the two different calculation approaches
“mean” and “interpolation”. Overall, we examined three
different reference cycles. The mean cycle, the inter-
polation cycle and the reference cycle proposed in the
FEM 9.851 [6]. For the FEM cycle, we used the store
and retrieve position from (2).

Store position: Py (E-L,l-HJ
. iy 1 2

Retrieve position: Py [;L,E -H j
where L is rack length and H is rack length

For the purpose of comparison, we chose the double
cycle because this proved to be suitable in previous
research work [7]. The presented results are focused on
the MSC configurations without a refeed unit. The other
configurations were also inspected, but showed no sig-
nificant differences in their general trend. The overall
relative error over the percentage of configurations is
shown in the histograms in Figure 7 and Figure 8.
Figure. Starting with the mean and the interpolation
cycle in Figure 7 we see relative errors of between
minus 15 and plus 60%. Although the interpolation
shows different results, neither the mean nor the inter-
polation cycle gave satisfying results.

Mean Interpolation
25 —
<20
g
8 15
@ 10
o
e 5
0
0 0.25 0.5 0 025 05

Error (relative) Error (relative)

Figure 7. Relative error for the mean and the interpolation
cycle for the MSC configurations
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Following the results for the relative error of the
FEM cycle are presented in Figure 8. Surprisingly the
FEM cycle showed much better results, with a
maximum relative error of between 0 and 17 %. With
the FEM cycle, we were able to ensure relatively stable
deviations from the mean energy demand.

1 0 T T T

Percentage (%)
(&)}

0 0.05 0.1 0.15 0.2
Error (relative)

Figure 8. Relative error of the FEM cycle for the MSC
configurations

Additionally, the correlation of the simulated mean
energy demand and the energy demand of the mean
cycle and the FEM cycle is shown in Figure 9. Every
dot represents the result for one simulated configuration.
The FEM cycle shows clearly lower maximum devi-
ations and differs significantly less than the mean cycle.
Using a linear fitting, it would easily be possible to
recalculate the overall mean energy demand by using
the FEM cycle.
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Figure 9. Correlation for the mean energy demand for MSC

Neither cycle was able to beat the FEM cycle for
accuracy. Therefore the FEM cycle is currently consi-
dered the best solution for a reference cycle. For the
first time, a simulation approved reason for using the
FEM cycle as reference for energy demand inves-
tigations is given. is given.

5. CONCLUSION
In the simulation study we analysed single and double
cycle operation for MSC and PSC with a large scale

simulation experiment. The results from the simulation
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allowed an investigation of the varied parameters and
their effect on the mean energy demand and the per-
formance. This allowed important relationships between
the parameters to be shown and existing research work
was confirmed.

The reference cycles should allow an easy com-
parison between different types of SC and should be
suitable for a good estimation of the mean energy de-
mand. With the FEM cycle as currently best solution for
the mean energy demand we found a suitable reference
cycle. This cycle can also be used for real life tests of SC.

Our further research tasks in this field will be focu-
sed on the application from the gained results to an
energy efficiency calculation method. Based on the
work of Ertl [4] and Lerher et al. [10] a detailed energy
efficiency model for MSC and PSC will be presented in
further publications.
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HNCTPAKUBAIE CPEAIBLE BPEJJTHOCTH
INIOTPEBHE EHEPTUJE, IEP®@OPMAHCH U
PE®EPEHTHUX NUKJIYCA CJIATAYKHUX
KPAHOBA

A. Pukep, J. Pud, J. ®oTHep

VY objekTnMa ca yHYTpPaIIHkOM JIOTUCTUKOM OOMYHO Ce
KOpHCTE€ CJaraykd KpPaHOBH 3a ayTOMaTH30BaHO
clmarame W y3uMmame poOe. Crmarauku KpaHOBH Ce
yIoTpeOJbaBajy y BHCOKO-PErajHUM CKIAIHUIITAMA 32
IoMepamke MalMX HOocaya Tepera, IHajera M|
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CIeNHjaTHuX Hocada TepeTa. Pam mpukasyje MeTon 3a
onpehuBame cpeame BPEOHOCTH TOTpeOHE EHepruje
KOJl CJIaraykor KpaHa TMPUMEHOM pedepeHTHOT
LIAKJIIyCa.

UctpaxuBame pedepeHTHUX LHKIyca je 0a3upaHo Ha
BEJIMKOM Opojy cHUMynaiuja ca CiIy4ajHO H3a0paHuMm
KpPaHOM, KOH(DUTYPALMjOM perajia u paJHuM 3aJalumMa.
Pesynratu cy omoryhunm ananusy kopenauuja usmehy
pasIMYMTHX [apaMeTapa, Kao LITO Cy HIp. NOTpeOHA
eHepruja u nepdopmance kpana. [lorom cy pa3BujeHa u
eBAlyHpaHa TPH PaszINIUTa pedepeHTHa MUKIyca KOjH
oMoryhaBajy nako u Op30 H3pauyHaBame CPEIbe
BPEIHOCTH MOTPEOHE eHEepruje.
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